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Abstract 
The future economic and agricultural sustainability of semiarid western Nebraska will 
largely depend on more efficient utilization of the declining groundwater resources. 
The scope of this research was to evaluate the maize hybrid yield, water productivity 
(WP; i.e. grain yield produced per unit of water consumed), and irrigation water pro-
ductivity (IWP; i.e. increase in grain yield per unit of irrigation water applied) across 
a range of semiarid climatic conditions (i.e. drought, normal, and wet) and irrigation 
treatments. Total of 13 maize hybrids were evaluated under full irrigation (FI), deficit 
irrigation (DI, receiving ~50% less irrigation water than FI), and dryland (DRY; rain-
fall only) at the University of Nebraska–Lincoln Brule Water Laboratory near Brule, 
Nebraska, in 2011 and 2012 and Bayer’s Gothenburg Water Utilization Learning Cen-
ter near Gothenburg, Nebraska, in 2010 and 2011 (i.e. four site-years). Compared to 
FI, DI caused yield reduction of as much as 33% in a dry, 11% in a normal, and 2% in a 
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wet year, resulting in consequently 22–47% improvement in IWP. Depending on site-
year and irrigation level, a difference of up to 7.2 t ha–1, 3.6 kg m–3, and 5.9 kg m–3 was 
observed in yield, WP, and IWP, respectively, as a consequence of hybrid selection, with 
few top-performing hybrids yielding similarly under DI and FI in a normal and/or wet 
year. This study highlights the impact hybrid selection and DI have on crop water pro-
ductivity (WP) and IWP as well as provides insight into strategies that can maintain 
productivity and profitability in water limited environments. 
Keywords: Groundwater depletion, Irrigation pumping regulations, Drought tolerance, 
Genetic × environment × management (G × E × M), Yield variability 
1. Introduction 
Over the past several decades, irrigation has become a crucial factor for 
agricultural production and a major contributor to the economy of Ne-
braska. According to Nebraska Policy Institute, the estimated net eco-
nomic impact due to irrigated agriculture ranges from $3.6 to $4.5 bil-
lion (Lamphear, 2003), and it may reach up to $7.1 billion in a years of 
severe drought (Nebraska Farm Bureau, 2012). Adding approximately 
50% to the annual state government budget, irrigation considerably re-
duces the economic risk during the years of drought, providing less vari-
ability in crop yields and a stable income for both farmers and related 
agribusinesses (Lamphear, 2003; Nebraska Farm Bureau, 2012). The un-
desirable effect of this economic success has been a gradual decline in 
groundwater levels in some areas of the Ogallala aquifer, the largest and 
most valuable irrigation water source in Nebraska (Haacker et al., 2016). 
Groundwater pumping for irrigation created a large deficit between the 
discharge and recharges causing water storage in the Ogallala aquifer to 
decline approximately 410 km3 since 1935 (Haacker et al., 2016). With 
groundwater levels continuing to decline in most areas of the Ogallala 
aquifer (McGuire, 2017), maintaining economic and agricultural sus-
tainability in Nebraska and the High Plains region will largely depend 
on more efficient utilization of the available water resources (Lilienfeld 
and Asmild, 2007; Rudnick et al., 2019). 
Maize (Zea mays L.) is the most abundant irrigated crop in Nebraska 
occupying approximately 2.6 million ha or 70% of irrigated lands; 
thus, improving efficiency of irrigation water use in maize production 
may lead to significant improvements in preventing further decline in 
groundwater supply (Kranz et al., 2008). Knowing the volume of water 
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stored in the soil profile and the long-term annual precipitation aver-
ages amount of effective rainfall during the growing season, an approx-
imate irrigation requirements can be estimated for the region to assess 
the crops evapotranspiration (ET) demand and avoid excessive yield 
penalties (Lilienfeld and Asmild, 2007; Kranz et al., 2008). In semiarid 
regions, like western Nebraska, a combination of low seasonal rainfall 
(~200–400 mm), light texture soils, low soil organic matter, high veloc-
ity winds, and low relative humidity can substantially increase seasonal 
crop ET demand (Payero et al., 2008). Other factors such as groundwater 
pumping regulations, load management, and/or low well capacities of-
ten limit the amount of water available for irrigation and negatively im-
pact crop yield and profitability (English, 1990; Payero et al., 2008; Rud-
nick et al., 2019). Simulation analysis by Grassini et al. (2011) showed 
that improving irrigation application and system efficiencies as well as 
irrigation management strategies can save up to 32% of irrigation wa-
ter allocated to maize production in Western U.S. Corn Belt while caus-
ing minimum yield penalties. While these projections are promising, a 
cropping-system approach to water conservation that includes integra-
tion of hybrid selection, crop rotations, planting arrangements, no-till 
and other agronomic practices needs to be implemented to sustain the 
declining groundwater resources (Van Duivenbooden et al., 2000). 
Deficit irrigation has been investigated as a valuable strategy to in-
crease the efficiency of applied irrigation water and improve the man-
agement of available water resources in semiarid climates around the 
world (Stewart et al., 1983; Oweis et al., 1998; Xue et al., 2003; Payero 
et al., 2008; Yenesew and Tilahun, 2009; Rudnick et al., 2019). Deficit ir-
rigation is commonly defined as an optimization strategy in which irri-
gation is applied below the crop ET demand to balance grain yield, net 
profitability, and the amount of water available (Rudnick et al., 2019). 
In a semiarid climate, the most common deficit irrigation strategy is 
to avoid water stress during the drought-sensitive growth stages (e.g. 
early reproductive) and withhold irrigation during the drought-tolerant 
growth stages (e.g. vegetative or later reproductive) (Geerts and Raes, 
2009). While deficit irrigation can inevitably lead to drought stress it 
can also reduce water losses via evaporation, runoff, and percolation 
with minimal yield penalty (Grassini et al., 2011). Consequently, defi-
cit irrigation is often targeted to stabilize yields and increase crop wa-
ter productivity rather than maximizing yield (Geerts and Raes, 2009). 
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Other advantages of deficit irrigation may include: (1) decrease in risk 
of fungal diseases due to less humidity in the crop canopy (Cicogna et 
al., 2005; Marouelli and Silva, 2007), (2) reduce the leaching of nutrient 
bellow the root zone consequently lowering the fertilizer needs and im-
proving groundwater quality (Ünlü et al., 2006), (3) maintaining or im-
proving grain quality (Fabeiro, 2001; Ertek and Kara, 2013), (4) and in-
creasing profitability (English, 1990). Depending on the growing season 
conditions, available water resources, as well as management approach 
in terms of production inputs, yield goal, efficiency and profitability, def-
icit irrigation may not always be the right approach. Nevertheless, in ar-
eas where deficit irrigation is practiced regularly, it is very important to 
consider the additional management practices that can increase effec-
tiveness (Oweis et al., 1998; Rudnick et al., 2019). For more informa-
tion on deficit irrigation strategies and their impact on crop yield and 
groundwater movement in US High Plains we refer readers to Rudnick 
et al. (2019). 
Hybrid selection is another decision making strategy of great impor-
tance in maize production, particularly in drier environments where 
maize susceptibility to water stress varies considerably by genotype (Lo-
rens et al., 1987; Atteya, 2003; Kaman et al., 2011; Moradi et al., 2012; 
Aydinsakir et al., 2013; Sabagh et al., 2015; Al-Naggar et al., 2016; Sa-
bagh et al., 2018). Maize response to water stress is regulated by many 
genes that control important physiological (cellular) and morphological 
(whole plant) processes (Campos et al., 2004). Identification and selec-
tion of morpho-physiological traits such as enhanced stomatal conduc-
tance, reduced anthesis-silking interval (ASI), increased root-shoot ra-
tio, etc. has helped breeders develop hybrids that perform better under 
water-stressed conditions (Atteya, 2003; Moradi et al., 2012; Aydinsa-
kir et al., 2013; Hao et al., 2015a, 2015b; Al-Naggar et al., 2016; Sabagh 
et al., 2018). The expression of those genes depend on timing and sever-
ity of drought as well as complex genotype x environment (G x E) and 
gene x gene (epistasis) interactions (Campos et al., 2004). Finding the 
ideal hybrid for a particular region can be a challenging task, especially 
in the semiarid High Plains where combination of low moisture and high 
elevation cause large variations in daily temperatures and weather pat-
terns are very unpredictable (Guillen-Portal et al., 2003). According to 
Guillen-Portal et al. (2003) the ideal hybrid for this region must perform 
well across the range of environments. This is often not the objective of 
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many breeding and hybrid-testing programs that focus more on select-
ing genotypes that perform well in the extreme dry and/or very produc-
tive environments. More information is needed on hybrid performance 
under deficit or limited irrigation conditions. 
Increased productivity of maize under deficit irrigation throughout 
the semiarid environments of the High Plains and other parts of the 
world is imperative (Geerts and Raes, 2009; Yenesew and Tilahun, 2009; 
Aydinsakir et al., 2013; Al-Naggar et al., 2016; Rudnick et al., 2019), but 
deficit irrigation alone may not always lead to an increase in water use 
efficiency (Eck, 1986; Payero et al., 2008; Rudnick et al., 2019). In a semi-
arid environments where water supply is limited, hybrid selection can 
be a great complementary piece and more likely to increase yield, and 
consequently water use efficiency and profitability of the cropping sys-
tem. Studying differences between drought tolerant and conventional 
hybrids in Texas High Plains, Hao et al. (2015b) found much as 24% in-
crease in yield and 30% increase in water use efficiency when drought-
tolerant hybrid was grown under deficit irrigation. The objective of this 
study was to evaluate yield, water productivity (WP; i.e. grain yield pro-
duced per unit of water supply), and irrigation water productivity (IWP; 
i.e. increase in grain yield per unit of irrigation water applied) of maize 
hybrids under dryland, deficit irrigation, and full irrigation conditions 
in semiarid environment of western Nebraska. 
2. Materials and methods 
2.1. Site description 
Field experiments were conducted at the University of Nebraska–Lin-
coln West Central Water Resources Field Laboratory near Brule, Ne-
braska (GPS coordinates 41.130225°N, 101.972297°W) in 2011 and 
2012 and at Bayer’s Gothenburg Water Utilization Center near Gothen-
burg, Nebraska (GPS coordinates 40.886211°N, 100.159268°W) in 2010 
and 2011. The predominant soil type at Brule was Kuma silt loam (Fine-
silty, mixed, superactive, mesic Pachic Argiustolls) with 0–1% slopes, av-
erage water content at field capacity of 0.29 m3 m–3 and at wilting point 
of 0.13 m3 m–3, 1.3% soil organic matter, and soil pH of 7.0. The pre-
dominant soil type at Gothenburg was Hord silt loam (Fine-silty, mixed, 
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superactive, mesic Cumulic Haplustolls) with 0–1% slopes, average wa-
ter content at field capacity of 0.21 m3 m–3 and at wilting point of 0.11 
m3 m–3, 3.2% soil organic matter and soil pH of 6.8. The experiments at 
Brule site were placed under a variable rate center pivot irrigation sys-
tem (model RPM, Reinke Manufacturing Co, Deshler, Nebraska). Water 
for the system was pumped from the Ogallala aquifer, using an electric 
turbine pump with a capacity of 38 liters per second (600 gallons per 
minute) at 483 kPa of pressure. At Gothenburg site, water was applied 
using a subsurface drip irrigation (SDI) system installed at 30 cm depth 
with 100 cm centers. The system had capacity to apply 2.54 cm of wa-
ter in 24 h time period. At both sites, maize was grown in rotation with 
soybean using no-till planting techniques. 
2.2. Experimental design and treatments 
The experiments were conducted using a split plot design with 4 repli-
cations at Brule and 3 replications at Gothenburg. The whole-plot con-
sisted of three irrigation treatments (i.e. irrigation blocks) including full 
irrigation (FI), deficit irrigation (DI), and dryland (DRY), while the sub-
plots were 13 maize hybrids. The irrigation scheduling for FI was man-
aged by maintaining soil available water between field capacity and the 
pre-determined allowable soil water depletion level (~40% of the field 
capacity) at which there is no water stress to the crop. The DI treat-
ment received approximately 50% less water than FI (49–53% depend-
ing on site-year; Table 1), achieved either by decreasing the irrigation 
frequency across treatments or applying a percentage of full irrigation 
during each irrigation event. The objective  of DI was not to evaluate the 
effects of pre-determined level of water stress on the crop, but rather to 
impose some level of water stress across all hybrids and observe the rage 
of hybrid responses. The DRY was completely dependent on rainfall. Af-
ter crop emergence, aluminum access tubes were installed for one hy-
brid in each fully irrigated block (assuming minimal differences in soil 
water extraction between hybrids). Soil volumetric water content was 
measured weekly using a neutron probe method to a depth of 120 cm 
in 30 cm increments starting from the soil surface (Evett and Steiner, 
1995). In addition, modified atmometer (ET gauge) and crop coefficients 
were used to estimate the crop ET (Irmak et al., 2005). Decision to irri-
gate was based on the assessment of the available soil water (i.e. neutron 
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probe readings), crop water demand at the given growth stage, and 10-
day weather/rain forecast. A minimum 30 m buffer zones were used at 
Brule site to separate the irrigation treatment. The buffer zones for SDI 
system at Gothenburg were 3 m (i.e. four maize rows). The amount, fre-
quency and timing of rainfall and irrigation varied depending on year 
and site and is summarized in Table 1. Within each irrigation block, 13 
maize hybrids were planted into 3 m wide by 10 m long plots using a 
4-row planter (Almaco Seed Pro, Nevada, Iowa) with 76 cm row spac-
ing. The maize hybrids’ relative maturity, drought tolerance and other 
agronomic characteristics are summarized in Table 2. 
2.3. Cultural practices 
Maize at Brule was planted on 23 May 2011 and 16 May 2012. At Go-
thenburg, maize was planted on 1 May 2010 and 3 May 2011 in 2010 
and 2011. Seeding rates were 80,000 seeds ha–1 for DI and FI, while DRY 
treatment was seeded at 52,000 seeds ha–1. Lower seeding rate under 
DRY was implemented to reflect common agronomic practice for the re-
gion. Herbicide program at Brule included pre-emergence/burndown 
application of Harness Xtra 5.6 l (Monsanto, St. Louis, MO, USA) with 
RoundUp WeatherMAX (Monsanto, St. Louis, MO, USA) at planting and 
another post-emergence application of RoundUp WeatherMAX at V5-
V10 maize. At Gothenburg, weeds were controlled by applying tank mix-
ture of Degree Xtra (Monsanto, St. Louis, MO, USA) and RoundUp Weath-
erMAX shortly after planting along with post-emergence application of 
RoundUp WeatherMAX at V5-V10 maize. Soil samples were collected at 
each site at depths of 0–20 cm and 20–60 cm in the spring before plant-
ing (mid-April) and analyzed for pH, soluble salts, organic matter, avail-
able nitrate-N (NO3–N), phosphorus (P), and potassium (K). Soil nutri-
ent levels (excluding NO3–N) were above sufficiency levels, and soil pH 
in the top 20 cm was in a desirable range at both sites (Shaver, 2014). To 
ensure uniform soil fertility levels across treatments plots received pre-
plant application on anhydrous ammonia at 110 kg ha–1 of N rate and V3-
V8 drop nozzle application of 100 kg ha–1 of N rate in from of urea am-
monium nitrate (32–0–0) . Maize plots at Brule were harvested on 17 
Nov in 2011 and on 14 Nov in 2012, while maize harvest occurred on 
15 Oct in 2010 and on 4 Oct 4 in 2011 at Gothenburg. 
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2.4. Data collection and statistical analysis 
The center two rows of each plot were harvested for grain yield using a 
plot combine. Grain moisture at harvest was recorded and yields were 
adjusted to 15.5% grain moisture content for the comparison. Water 
productivity (WP; kg m–3) and irrigation water productivity (IWP; kg 
m–3), as suggested by Bos (1980, 1985), indices were calculated for each 
irrigation by maize hybrid treatment combination using the following 
equations: 
WP = Y/(R + Ii)                                                           (1) 
IWP = (Yhi – YDRY)/Ii                                                   (2) 
where Y = yield (g m-2), Yhi = yield of hth maize hybrid for the ith irriga-
tion treatment (mm), YDRY = average DRY yield (g m-2) across all maize 
hybrid at a given site-year, R = seasonal rainfall (mm), and Ii = irrigation 
depth for the ith irrigation treatment (mm). To allow for a practical ap-
plication of hybrid IWP values irrigated yield of a hybrid was compared 
to the average DRY yield across all hybrids. This eliminated the con-
founding effect of miss-interpreting high IWP values as a positive trait 
solely because hybrid yielded below-average under DRY; and vice-versa, 
miss-interpreting low IWP as a negative trait solely because particu-
lar hybrid had above-average DRY yield. Therefore, average DRY yield 
was used as a benchmark to which irrigated yields of individual hybrids 
were compared.  
All evaluated parameters (crop yield, WP, and IWP) were subjected 
to analysis of variance (ANOVA) using PROC GLIMMIX procedure of the 
Statistical Analysis System (SAS) and the residuals were tested for the 
assumptions of normality and homogeneity of variances with PROC 
UNIVARIATE procedure (SAS Institute, 2013). The site-years, irrigation 
treatments, maize hybrids and their interactions were treated as fixed 
effects, while the effects of replication nested within site-years and ir-
rigation blocks (whole-plot) nested within replication were treated as 
random effects. Means for the significant treatment effects were com-
pared using Fisher’s protected least significant difference (LSD) proce-
dure at P < 0.05. 
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3. Results 
3.1. Weather conditions 
At Gothenburg-2010 seasonal rainfall was 656 mm which was 44% 
greater than the 30-year average (Table 1). Typical rainfall patterns of 
semiarid west-central Nebraska (i.e. 250–500 mm) were observed at 
Brule-2011 and Gothenburg-2011, while severe drought conditions (i.e. 
119 mm of seasonal rainfall) occurred at Brule-2012 (Table 1). At all site-
years, irrigation scheduling was intensified, and depth of application in-
creased when maize was in the reproductive stage (i.e. Jul-Sep) and high 
in water demand (Table 1). At Gothenburg-2010 (wet year), irrigations 
were applied more frequently and with lighter irrigation amounts due 
to above-normal rainfall and good soil moisture conditions throughout 
the growing season. At Brule-2011 and Gothenburg-2011, more than 
60% of total irrigation water was applied in a typically dry month Au-
gust (Table 1). At Brule-2012 some irrigation water was applied in May 
and June due to severe drought conditions during crop germination and 
vegetative growth and development (Table 1). A late season windstorm 
(Oct 6) caused significant harvest loss at Gothenburg- 2011 due to lodg-
ing and heavy ears dropping from the stalks. Based on hourly data from 
the local weather station, the wind speed during the Oct 6th windstorm 
at Gothenburg-2011 exceeded 8.9 m s–1 between 11:00 am and 11:00 pm 
and was > 13.4 m s–1 between 5:00 pm and 9:00 pm, reaching maximum 
wind speed of 15.2 m s–1 (wind gusts likely higher than 15.2 m s–1 hourly 
average). The ear drop evaluated visually in each irrigation treatment as 
a percent ear/yield loss was 5%, 25%, and 40% in DRY, DI, and FI treat-
ment, respectively. The dropped ears were considered non-harvestable, 
while the remaining ears (i.e. ears still on a maize plant) were machine 
harvested for yield and presented in this manuscript. 
3.2. Irrigation effects on yield, wp, and IWP 
Yield response to irrigation treatments varied between environments 
(Table 3; site-year by irrigation interaction significant). In general, the 
increase in seasonal rainfall resulted in higher dryland yield, lower need 
for supplemental irrigation water, and smaller yield differences between 
the irrigation treatments. During the 2012 drought at Brule (119 mm 
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of seasonal rainfall), DRY yield was only 1.6 t ha–1 and high amounts of 
irrigation water were applied (314 mm in DI and 627 mm in FI) to in-
crease the yield to 7.1 t ha–1 under DI and 10.6 t ha–1 under FI (Table 1, 
Fig. 1). In contrast, above-average seasonal rainfall at Gothenburg-2010 
(656 mm) produced exceptional dryland yield of 15.3 t ha–1, the need 
for supplemental irrigation was reduced to 76 mm and 152 mm for DI 
and FI, respectively, and yield increase over DRY was 1.1 and 1.5 t ha–1, 
respectively. (Table 1, Fig. 1). With the exception of Gothenburg-2011, 
where the wind storm caused significant harvest losses, the yield gap 
between DRY and DI was greater than the yield gap between DI and FI 
at all other sites, despite the same incremental increase in the applied 
Table 3 Analysis of variance (ANOVA; 0.05 P level) for Yield (t ha–1), Water productivity 
(WP; kg m–3), and Irrigation water productivity (IWP; kg m–3) as affected by site-year 
(SY), irrigation (I), and hybrid (H). The significance levels of the effects of irrigation 
(I) and hybrid (H) on Yield, WP, and IWP at four site-years including Brule-2011, 
Brule-2012, Gothenburg-2010, and Gothenburg-2011. 
Effect  Yield  WP  IWP
Across all site-years
   Site-Year (SY)  ***  ***  ***
   Irrigation (I) ***  ***  ***
   Hybrid (H) ***  ***  ***
   SY × I  ***  ***  ***
   SY × H  ***  ***  ***
   I × H  ns  ns  ***
   SY × I × H  ns  *  ***
Brule-2011
   I  ***  ***  ***
   H  ***  ***  ***
   I × H  ns  ns  ***
Brule-2012
   I  ***  *  *
   H  ***  ***  **
   I × H  ns  ns  ns
Gothenburg-2010
   I  ***  ***  *
   H  ***  ***  **
   I × H  ns  *  *
Gothenburg-2011
   I  ***  ***  ns
   H  ***  ***  ***
   I × H  ns  **  **
ns = not significant; * P < 0.05 ; ** P < 0.01 ; *** P < 0.001
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irrigation water (Fig. 1). The yield gap between the irrigation treatments 
narrowed at site-years that received more seasonal rainfall (Fig. 1). For 
example, the yield gap at Brule-2012 (drought year), Brule-2011 (nor-
mal year), and Gothenburg-2010 (wet year) was, respectively, 5.5, 5.1, 
and 1.1 t ha–1 between DRY and DI, and 3.5, 1.5, and 0.5 t ha–1 between 
DI and FI (Fig. 1). On a percentage scale, yield reduction in DRY com-
pared to DI was 77%, 42%, and 7% in a drought, normal, and wet year, 
respectively; while yield reduction in DI compared to FI was 33%, 11%, 
and 2% in a drought, normal, and wet year, respectively. 
Irrigation significantly affected WP at all site-years (Table 3). Increase 
in total water supply (rain + irrigation) decreased WP, with a few excep-
tions (Fig. 1). Among the three irrigation treatments, FI had the lowest 
WP at all site-years, while DI had lower WP than DRY at two out of four 
site-years (Fig. 1). Compared to FI, WP under DI increased by 15%, 20%, 
8%, and 18% at Brule-2012 (drought year), Brule-2011 (normal year), 
Gothenburg-2010 (wet year), and Gothenburg-2011 (normal year), re-
spectively (Fig. 1). When averaged across all site-years DI and DRY had 
similar WP, but decrease in seasonal rainfall led to a relative increase 
in WP under DI. Compared to DRY, WP under DI was 12.5% higher (0.2 
kg m–3) in a drought year (i.e. Brule-2012), similar in a normal year 
(Brule-2011), and 4% lower in a wet year (Gothenburg-2010). At Go-
thenburg-2011, wind storm caused significant yield losses under DI and 
FI, possibly due to heavier ears being more prone to ear-drop. Irriga-
tion had no effect on yield and DRY treatment resulted in 19% and 30% 
greater WP than DI and FI, respectively (Fig. 1). 
Among four site-years, the highest IWP was obtained at Brule-2011 
(3.2 kg m–3 under DI and 2.1 kg m–3 under FI) in a year with the av-
erage seasonal rainfall, while lower IWP was observed in a drought 
(i.e. Brule-2012; 1.4–1.7 kg m–3), wet season (i.e. Gothenburg-2010; 
1.0–1.5 kg m–3), or in a season when other yield limiting factors, such 
wind storm, impacted harvestable yield (i.e. Gothenburg-2011; 0.6–0.7 
kg m–3). When averaged across all site-years, DI had 30% higher IWP 
than FI (Fig. 1), but the relative differences in IWP between DI and FI 
were higher in the environments with normal (32% at Brule-2011) and 
wet (32% at Gothenburg-2010) than it was in a drought year (18% at 
Brule-2012) (Fig. 1). 
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3.3. Hybrid effects on yield 
The three-way interaction between site-years, irrigation and hybrids 
was not significant for yield, suggesting that hybrid performance (i.e. 
Fig. 1. Grain yield (t ha–1), Water productivity (WP; kg m–3) and Irrigation water pro-
ductivity (IWP; kg m–3) combined over 13 maize hybrids for dryland (DRY), deficit 
(DI) and full irrigation (FI) treatments at Brule 2011, Brule 2012, Gothenburg 2010, 
and Gothenburg 2011.   
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hybrid ranking) was similar under different irrigation regimes regard-
less of the site-year (Table 3). A hybrid with the above-average yield on 
DRY also yielded above-average under DI and FI and vice-versa. Aver-
age yield under DRY, DI, and FI at Brule-2012 was 1.6, 7.1, and 10.6 t 
ha–1, respectively. DKC6544 had the best yield performance under all 
irrigation treatments yielding 3.0, 10.2, and 12.7 t ha–1 at DRY, DI, and 
FI, respectively (Figs. 1 and 2). Ch21633 yielded 0.7, 3.8, and 8.9 t ha–1 
at DRY, DI, and FI, respectively, which was the lowest yield compared 
to all other hybrids evaluated (Figs. 1 and 2). When yields were aver-
aged across irrigation treatments, hybrid performance varied signif-
icantly by the environment (Table 3; significant site-year by hybrid 
interaction). In terms of yield stability (i.e., the ability of a hybrid to 
perform similarly across a range of environments) some hybrids per-
formed similarly at one site (regardless of the year-to-year differences 
in weather conditions), while others maintained performance under 
similar weather conditions (regardless of the site, i.e. differences in soil 
types). A total of 8 hybrids, including Ch21061, Ch21633, DKC5750, 
DKC5935, DKC5988, DKC6166, DKC6383, and DKC6563 had similar 
yield rank at Brule site regardless of year (2011 and 2012), while a 
slightly different group of 9 hybrids, including Ch20977, Ch21061, 
Ch21663, DKC5524, DKC5750, DKC6169, DKC6254, DKC6544, and 
DKC6563 consistently performed at Gothenburg site in 2010 and 2011 
(Table 4). High performing hybrids at Brule did not necessarily per-
form well at Gothenburg and vice-versa (Table 4). Total of 4 hybrids, 
including Ch20703, Ch20977, Ch21633, and DKC5988 performed con-
sistently under similar weather conditions across two sites (Table 4). 
Ch20703 was ranked 1st at Brule-2011 (12.8 t ha–1) and 2nd at Gothen-
burg-2011 (10.0 t ha–1) when rainfall patterns were similar to long-
term average, while the same hybrid under-performed in a wet year 
(ranked 11th at Gothenburg-2010) and drought year (ranked 9th at 
Brule-2012) (Table 4). Very few hybrids (total of 3 hybrids) performed 
consistently across all site-years. DKC6544 was a very robust and good 
performing hybrid at all site-years yielding 11.4, 9.2, 16.1, and 9.8 t ha–1 
at Brule-2011, Brule-2012, Gothenburg-2010, and Gothenburg-2011, 
respectively. Ch21633 consistently under-performed across all site 
years yielding 10.6, 3.9, 15.9, and 8.1 t ha–1 at Brule-2011, Brule-2012, 
Gothenburg-2010, and Gothenburg-2011, respectively (Table 3). 
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Although the overall trend indicates that irrigation did not signifi-
cantly impact hybrid yield performance, there were several cases of hy-
brid by irrigation interaction. Fig. 2 summarizes hybrid yield responses 
ranked by their performance under DI and illustrates few such cases at 
all site-years. One example is a contrast between Ch21061 and DKC5935 
at Brule-2011 (Fig. 2). The two hybrids had a similar yield under DRY (p 
value = 0.8373) and FI (p value = 0.4185), but Ch21061 yielded 2.3 t ha–1 
(p value = 0.0119) more than DKC5935 under DI (Fig. 2). On rare occa-
sions, especially in the environment with high seasonal rainfall (i.e. Go-
thenburg-2010), irrigating a crop to full irrigation requirement led to a 
significant yield reduction. For example, yield of DKC6455 under DI at 
Gothenburg-2010 (i.e. wet year) was 1.5 t ha–1 higher (p value = 0.0302) 
than under FI (Fig. 2). Increased complexity of scheduling irrigation un-
der wet conditions, such as inability to predict large rainfall events oc-
curring shortly after irrigation events, may have contributed to root hy-
poxia, loss of plant available nitrogen, increase disease incidence and/or 
other factors, which can indirectly reduce yield (Singh et al., 2018). The 
data also showed that hybrids with lower yield potential (i.e. poor over-
all yield performance) did not respond well to DI and tended to have a 
larger yield gap between DI and FI then high-performing hybrids. Three 
such hybrids, including DKC6381, CH21663, and DKC6563 yielded well 
below-average under DI at both Brule-2010 and Brule-2011 (Fig. 2).  
3.4. Hybrid effects on WP and IWP 
While general trend suggests that hybrid yield performance was sim-
ilar under different irrigation treatments within each site-year, hybrid 
effects on yield response per unit of water (WP and IWP) varied de-
pending on site-year and irrigation level (Table 3; significant three-way 
interaction). Producing higher yield under the same amount of total wa-
ter supply (rain + irrigation) will inevitably lead to increase in WP (Eq. 
1). Thus, in terms of hybrid performance, increase in WP represents a 
relative improvement in the water productivity of the cropping system 
due to hybrid selection. This is not necessarily the case with IWP, which 
only accounts for yield difference between irrigated and dryland yield 
for the amount of irrigation water applied (Eq. 2). The IWP does, how-
ever, provide an insight on how efficiently individual hybrids utilized ir-
rigation water in a given environment. 
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The hybrid WP performance was not affected by irrigation at 
Brule-2010 (normal year) and Brule-2011 (drought year), as indicated 
by lack of significant irrigation by hybrid interaction (Table 3). The irri-
gation by hybrid interaction was significant for WP at Gothenburg-2010 
when growing season rainfall was above-average, and at Gothen-
burg-2011 when maize yield was negatively affected by the windstorm 
Fig. 2. Mean ± standard error bars (SE) for grain yield of 13 maize hybrids under dry-
land (DRY), deficit (DI) and full irrigation (FI) treatment ranked by the best perform-
ing hybrid under DI in field experiments at Brule 2011 (A), Brule 2012 (B), Gothenburg 
2010 (C), and Gothenburg 2011 (D).  
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(Table 3). While in most cases selecting the hybrid with the best overall 
yield also led to an increase in WP, each site-year had some deviations 
from the general trend where hybrids WP performance were affected by 
irrigation treatments (Fig. 2). In a normal year (i.e. at Brule-2011), hy-
brids Ch20703 and Ch21061 had similar yield and WP under DI and FI 
and were the overall best performers, but the former had a significant 
Fig. 3. Mean ± standard error bars (SE) for water productivity (WP) of 13 maize hy-
brids under dryland (DRY), deficit (DI) and full irrigation (FI) treatment ranked by the 
best performing hybrid under DI in field experiments at Brule 2011 (A), Brule 2012 
(B), Gothenburg 2010 (C), and Gothenburg 2011 (D).    
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yield (2.4 t ha–1; p value 0.0071) and WP (0.94 kg m–3; p value 0.001) 
advantage under DRY (Table 3, Figs. 1 and 2). During the drought year 
at Brule-2012 the top two performing hybrids, DKC6544 and CH21061, 
had similar yield and WP under FI, while the former performed signifi-
cantly better (p value < 0.05) under both DRY and DI (Figs. 1 and 2). In a 
wet year at Gothenburg-2010, all hybrids performed similarly under FI 
(p value for hybrid effects 0.1872), whereas significant differences were 
observed between hybrids under DRY and DI (p value for hybrid effect 
<0.05). For example, DKC6544 grown under DI had the highest overall 
yield (18.1 t ha–1) and WP (2.62 kg m–3), but many other hybrids per-
formed as well or better under DRY and FI (Fig. 3). Due to negative ef-
fects of DI and FI on yield at Gothenburg-2011 (i.e. increase in ear drop), 
all evaluated hybrids had higher WP under DRY.  
The reduction in total water supply (rain + irrigation) led to a wider 
range of hybrid WP and IWP across all environments. The range of hy-
brid WP in a normal year (i.e. Brule-2011) was 1.9–3.6 kg m–3 under 
DRY, 1.9–3.4 kg m–3 under DI, and 2.1–2.7 kg m–3 under FI, with differ-
ences between the best and the worst hybrid WP performance being 
1.7, 1.5, and 0.7 kg m–3 under DRY, DI and FI, respectively. Similar trend 
occurred in a drought year (i.e. Brule-2012) while much less varia-
tion was observed in a wet year (i.e. Gothenburg-2010). At Gothen-
burg-2011, where the wind storm had minimal impact on DRY yield 
(~5% yield reduction), WP varied significantly depending on the hy-
brid, ranging from 1.2 to 3.5 kg m–3 and providing up to 89% differ-
ence in WP between the best (45% above average) and the worst (34% 
below average) performing hybrid (Fig. 3). Similar to WP, the hybrid 
IWP was higher in value and wider in range under DI (Fig. 4). Among 
the 13 hybrids evaluated in this study, 12, 10, 8, and 10 hybrids had 
higher IWP under DI at Brule-2011, Brule-2012, Gothenburg-2010, 
and Gothenburg-2011, respectively. The difference between IWP of the 
best and worst performing hybrid under DI and FI was, respectively, 
2.7 and 1.1 kg m–3 at Brule-2011, 1.3 and 0.7 kg m–3 at Brule-2011, 3.7 
and 1.5 kg m–3 at Gothenburg-2010, and 5.9 and 2.6 kg m–3 at Gothen-
burg-2011. The negative IWP values were noted at Gothenburg-2010 
(wet year) and Gothenburg-2011 (wind storm), suggesting that dam-
aging impact of irrigation on harvestable yield in these environments 
can be more pronounced with certain hybrids.  
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4. Discussion 
In a very broad sense, the scope of this research was to identify the range 
of yield and efficiency values across the range of semiarid climatic condi-
tions (e.g. drought, normal, and wet) and irrigation treatments (DRY, DI, 
and FI) to help growers and regulators assess production and economic 
Fig. 4. Mean ± standard error bars (SE) for irrigation water productivity (IWP) of 
13 maize hybrids under dryland (DRY), deficit (DI) and full irrigation (FI) treatment 
ranked by the best performing hybrid under DI in field experiments at Brule 2011 (A), 
Brule 2012 (B), Gothenburg 2010 (C), and Gothenburg 2011 (D).    
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consequences of water allocations and other regulatory policies in areas 
with declining groundwater resources. The assessment included evalua-
tion of thirteen hybrids, which in turn caused tremendous variations in 
yield, WP, and IWP responses. The complexity of genetics x management 
x environment (G x M x E) outcomes found in this manuscript can, there-
fore, represent different impacts to farmers, policy makers and research-
ers. An attempt will be made to highlight those differences and discuss 
when and where information found in this research may be useful.    
Large differences in seasonal rainfall observed in this study (119–656 
mm) caused irrigation requirements to range between 152 and 627 mm 
depending on site-year, and allowed an assessment of DI under a wide 
range of water stress that could exist in water limiting  environments. DI 
with 50% less water than FI caused yield reduction of as much 33% in 
a dry, 11% in a normal, and 2% in a wet year. From a strictly economic 
perspective, the value of DI will, therefore, largely depend on the pump-
ing cost (i.e. production input), yield penalty that resulted from reduced 
irrigation, and maize grain market price. For the illustration purposes, 
assume $0.09 ha-m–1 pumping cost that includes repairs, operator labor, 
and energy for a 50 ha pivot irrigation system that pulls water from 40 
m depth and operates on a 250 kPa system pressure using an electric 
pump. A maize grain market price of U.S. $0.14 kg–1, which was an aver-
age closing price of maize in U.S. in 2019, will also be assumed. Based on 
the reduction in irrigation water consumption and yield penalties ob-
served with DI in this study, marginal net return for maize under DI (i.e. 
50% of FI) decreased by U.S. $80–217 ha–1 in dry to normal year and in-
creased by U.S. $9 in a year with a well above-average seasonal rainfall. 
While acknowledging that variations in pumping costs and maize grain 
market price can produce a different outcome, farmer’s willingness to 
adopt DI, when irrigating to FI requirement is possible, is unlikely due 
to high risk of severe yield/profit losses. Other researchers also found 
that FI is the most profitable long-term strategy under non-water-lim-
iting conditions (Kisekka et al., 2016; Payero et al., 2008; Rudnick et al., 
2016), assuming sound economic and environmental principles of irri-
gation water management (Geerts and Raes, 2009). On the other hand, 
increase in potential water losses from practicing FI cannot be neglected. 
According to Grassini et al. (2011), farmer’s perceptions of the risk asso-
ciated with water stress often resulted in a tendency to over-irrigate. The 
authors observed that 55% of the fields evaluated in the study supplied 
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irrigation above the full irrigation requirement, suggesting that switch-
ing surface systems to pivot irrigation, improving irrigation scheduling, 
and adaptation of conservation tillage can lead to as much as 32% re-
duction in irrigation withdrawals while causing minimum yield penal-
ties (Grassini et al., 2011). In conclusion, increasing farmers’ awareness 
on the impact of excessive irrigation on profitability and groundwater 
sustainability may be a leading obstacle towards improvements in wa-
ter conservation in areas where FI is practiced as a long-term irrigation 
management strategy. 
In many parts of the semiarid High Plains, irrigation water is limited 
due to load management (i.e. shutting off electrical irrigation pumps due 
to overload in a power system), pumping regulations, light textured soils 
and or low well capacities, and DI must be used in some form. Value of DI 
to a farmer will depend on the implementation of strategies that increase 
the efficiency of applied irrigation (Lilienfeld and Asmild, 2007). In this 
study, decreasing total irrigation depth by approximately 50% (i.e. DI) 
caused a significant 22–47% increase in IWP, with differences between 
DI and FI being more pronounced with the increase in seasonal rainfall. 
Managing irrigation to meet the full crop ET demand includes certain 
risks associated with increase in water losses such as evaporation, run-
off and deep percolation (Geerts and Raes, 2009). As those water losses 
are more likely to occur with increase in total water supply, IWP tends to 
decrease sharply with irrigation (Payero et al., 2008). In a drier environ-
ment, water losses are reduced and IWP is often maintained or slightly 
decreased under FI. Spurgeon and Yonts (2013) observed 1.5 t ha–1 yield 
reduction in maize under 75% FI while observing no difference in IWP, 
which is similar to the results observed at Brule-2012 (drought year) 
in this study. To minimize the yield penalties under DI, farmers must 
acquire higher knowledge of crop response to drought stress and bet-
ter understand how variability in weather, soil and crop management 
factors influence IWP (Geerts and Raes, 2009). Utilizing widely-avail-
able tools and technologies that allow timely and accurate assessment 
of available water supply and crop-water needs prior to making each 
irrigation decision can be very valuable (Lo et al., 2019; Rudnick et al., 
2019). Adopting novel approaches that are conducive to both amount 
and timing of input applications throughout the season, such as input re-
quirement range, may lead to an improved decision making, near max-
imum profitability, and near optimal input efficiency (Lo et al., 2019). 
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In a context of many different approaches to DI, it is appropriate to con-
clude that ineffective irrigation would disregard the importance of year-
to-year and site-specific variability of crop growing conditions and its 
impact on grain yield response to irrigation (Rudnick et al., 2019).   
Hybrid selection is a very distinctive, one-time, farm management de-
cision typically based on a combination of previous experiences, pub-
lic and private results from regional hybrid performance trials, and/or 
recommendations from area farmers and local seed dealers. Once crop 
is planted, farmers make a series of in-season agronomic and irrigation 
management decisions to maximize yield and profit of the selected hy-
brid. Hybrid selection, therefore, has a profound effect on crop produc-
tion as a unique component of G x E x M interaction that determines (and 
often limits) the yield potential before the season starts and before other 
important in-season management decisions (e.g. fertility or irrigation) 
are made. Despite the multitude of choices, selecting the hybrid adapted 
to the semiarid climate of western Nebraska has never been more chal-
lenging due to: (1) limited multi-year hybrid performance data, (2) fast 
cycling of hybrids on a market, and (3) variable weather patterns. Large 
discrepancy in the expected yield for maize grown under a typical DRY 
(4–10 t ha–1) and/or FI (12–18 t ha–1) environment narrowed down hy-
brid recommendations based either on a drought tolerance (i.e. DRY) or 
“responsiveness to high-intensity management” (i.e. FI). This study, how-
ever, clearly illustrates that DRY weather conditions in semiarid west-
ern Nebraska can also be arid (162 mm at Brule-2012) and humid (656 
mm at Gothenburg-2010) extending the range of expected yield to 1.6–
16 t ha–1 and dramatically influencing yield potential and irrigation re-
quirements. Nevertheless, hybrid yield stability in this study was more 
site- and less weather-specific. Total of 8 hybrids at Brule and 9 hybrids 
at Gothenburg had similar yield performance regardless of large dif-
ferences in weather patterns across two year, while only 4 hybrids had 
similar performance at Brule and Gothenburg in a year with near-av-
erage rainfall patterns. Among thirteen hybrids evaluated across four 
environments, only a few hybrids performed consistently well across 
all site-years. Guillen-Portal et al. (2003) also recognized yield stabil-
ity as an important trait for maize hybrids grown in semiarid climates. 
The authors proposed ranking of the hybrids based on safety-first in-
dex that includes average yield performance, variance as a measure of 
yield stability, and minimum acceptable yield, as defined by input cost, 
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income risk attitude, and anticipated grain market price (Guillen-Portal 
et al., 2003). Testing this concept across 8 dryland and 4 irrigated envi-
ronments in the Western High Plains, authors reported that heteroge-
neous maize hybrids (i.e. double crosses), though slightly lower in aver-
age yield in the region, had fewer yields on the lower and upper end of 
the spectrum than homogeneous (i.e. single cross) hybrids (Guillen-Por-
tal et al., 2003). Such hybrids were considered a safer choice under DRY 
conditions where minimum acceptable yields are less than 2.68 t ha–1 
(Guillen-Portal et al., 2003). A more in-depth look at morphophysiolog-
ical traits of hybrids resilient to wide variations in soil and weather con-
ditions (such as DKC6544 in this study) can provide valuable informa-
tion to maize breeders and facilitate the genetic improvement in maize 
hybrids adaptable to semiarid High Plains.    
Despite the general trend of hybrid performances (i.e. hybrid ranking) 
being similar under different irrigation regimes, yield, WP, and IWP were 
higher in value and wider in range under DI and DRY, suggesting greater 
impact (both positive or negative) of hybrid selection on crop production 
in water-limited environments. In this study, maximum yield difference 
between the hybrids in a wet, normal and drought year was respectively, 
1.9, 3.8, a 5.1 t ha–1 under FI, 3.3, 6.3, and 6.4 t ha–1 under DI, and 2.7, 2.4, 
and 4.5 t ha–1 under DRY. Depending on a year and irrigation level, there 
was as much as 0.7–2.3 kg m–3 difference in WP and 0.7–5.9 kg m–3 dif-
ference in IWP between hybrids, with differences being greater with re-
duction in total water supply (rain + irrigation). Many other researchers 
throughout the semiarid regions of the world reported similar findings, 
validating the hypothesis that genotypic differences in maize hybrids 
are more likely to be expressed when exposed to some level of water 
stress (Lorens et al., 1987; Atteya, 2003; Kaman et al., 2011; Aydinsakir 
et al., 2013; Hao et al., 2015a; Hao et al., 2015b; Al-Naggar et al., 2016; 
Sabagh et al., 2018). For example, Hao et al. (2015b) reported 6–25% 
yield and 9–30% WP advantage of drought-tolerant hybrid over con-
ventional hybrid across the range of irrigation treatments in Texas High 
Plains, with increase in yield and WP being proportionally larger under 
DI. In another Texas High Plains study, WP of two drought-tolerant hy-
brids was 9.8–11.7% and 20% higher than that of a conventional hybrid 
under 75% FI and 50% FI, respectively (Hao et al., 2015a). In a study 
conducted at Florida, Lorens et al. (1987) found that two hybrids with 
similar response under optimal irrigation had substantial differences 
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in yield and morpho-physiological responses when exposed to water 
stress. Similar results came out of research studies conducted in Egypt 
(Atteya, 2003; Al-Naggar et al., 2016), Kenya (Mhike et al., 2012), Tur-
key (Kaman et al., 2011; El Sabagh et al., 2015; EL Sabagh et al., 2018), 
Iran (Moradi et al., 2012), and India (Sah et al., 2020). From the eco-
nomic standpoint, acquiring information regarding site-specific hybrid 
performance for an approximate level of total water supply can make 
a substantial difference in net returns. Based on the differences in hy-
brid performances reported here and aforementioned assumptions re-
garding maize grain market price ($0.14 kg–1), potential impact of hy-
brid selection on marginal net return can range from U.S. $261–714 ha–1 
under FI and U.S. $460–880 ha–1 under DI, with differences being larger 
in drier environments. 
5. Conclusion 
The results of this research provided an insight on how deficit irriga-
tion and hybrid selection compare and complement each other in terms 
of implementing strategies to decelerate the declines in groundwater 
resources while maintaining productivity and profitability of irrigated 
maize production in semiarid regions around the world. In western Ne-
braska, continuing to irrigate at the current rates will inevitably lead to 
groundwater withdrawals exceeding recharge. Policy makers (i.e. board 
of elected farmer representatives) are often confronted with difficult de-
cisions to impose groundwater pumping regulations. While regulatory 
polices facilitate the adoption of irrigation scheduling tools and technol-
ogies that improve irrigation water productivity (IWP), they often lead 
to irrigating percentage of full maize irrigation requirements (i.e. defi-
cit irrigation) and have minor to no impact on water productivity of the 
overall cropping system (i.e. water productivity; WP). In semiarid cli-
mates, such scenario inevitably leads to a long-term reduction in yield 
and profit. Unlike deficit irrigation, current study revealed a massive im-
pact of hybrid selection on water productivity (i.e. WP). Depending on 
the total water supply, as much as 7.2 t ha–1 difference in yield and 3.6 
kg m–3 difference in WP based solely on hybrid selection was observed, 
with few top-performing hybrids yielding similarly under deficit irri-
gation and full irrigation in a normal and/or wet year. Furthermore, 
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being a one-time decision, economic risks associated with hybrid se-
lection appear to be much greater and less formidable than that of def-
icit irrigation. 
Preserving groundwater resources in semiarid western Nebraska will 
continue to depend on reductions in groundwater withdrawals. Grad-
ual changes in multiyear water allocation can allow farmers to fine-tune 
deficit irrigation strategies, implement other water conservation prac-
tices (e.g. alternative crop rotations, residue management, etc.), or re-
tire irrigated lands without major economic consequences. In addition 
to pumping regulations, better understanding of off-season recharge as 
well as water balance for major land uses in the watershed (e.g. no-till 
summer fallow, perennial pasture, winter wheat) are needed to develop 
more comprehensive polices to sustain groundwater resources. From a 
perspective of an irrigated maize producer, despite groundwater regu-
latory policies, acquiring knowledge regarding site-specific hybrid per-
formances for an approximate level of total water supply can make a 
substantial difference in increasing water productivity of the cropping 
system and ultimately profit. 
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